Analysis of available and developed data on phase matching in AgGaGe x S 2(1+x) (x = 0, 1) crystals is carried out. Nanosecond AgGaS 2 type I optical parametric oscillator with a continuously tunable range 2.65-5.29 µm is demonstrated pumped by a Q-switched Nd : YAG laser. An output pulse energy of up to 0.56 mJ at 4 µm is recorded. Phase matching of second harmonic generation in both crystals is represented. Best sets of Sellmeier equations for two crystals are determined.
Introduction
Numerous nonlinear materials have been developed for different laser device applications both for UV to near IR and near IR to middle IR spectral ranges [1] . At present special interest is focused on frequency conversion of all solid state Nd : YAG, femtosecond Ti : sapphire and Cr : forsterite, and especially on visible range lasers into the middle IR 3-5 µm and 8-12 µm sub-ranges. The sub-ranges are of great importance in a variety of atmospheric applications because of the transparency windows in the atmosphere: eye-safety lidars, target designations, obstacle avoidance and infrared countermeasures. Nd : YAG lasers with high power and good optical parameters, which are widely distributed and used in mobile systems, and in combination with welldesigned UV to visible range frequency converters permit us to design an extra-wide band of 0.2-14.0 µm source of coherent radiation. In turn, frequency conversion of the most efficient wide band (0.7-1.1 µm) Ti : sapphire laser is the simplest way of designing middle IR tunable femtosecond 3 Author to whom any correspondence should be addressed.
sources. Spectroscopic parameters of middle IR emission generated by the frequency conversion of visible range lasers can be controlled and derived with well-designed and highly sensitive visible range devices and media. Unfortunately, most efficient middle IR nonlinear crystals, such as CdGeAs 2 , ZnGeP 2 , Tl 3 AsSe 3 and AgGaSe 2 , are not transparent or have big loss at the near infrared and visible regions, and that is why they cannot be used as laser frequency converters in these cases.
Negative silver thiogallate (AgGaS 2 or AGS) crystal of 42m point group symmetry, which is transparent in a wide spectral range 0.47-13 µm, makes it realistic to generate infrared parametric radiation. Its most important characteristic is that it is one of the few crystals that can be pumped by commercially available 1 µm laser to achieve phase-matched down-conversion into the λ > 5 µm region. Meanwhile, the commercial availability of high quality crystals has stimulated new activities aimed at exploiting its interesting properties, such as state-of-the-art antireflection coating technology. In particular, in addition to short-wavelength transparency edging, it is characterized by low linear optical absorption at maximal transparency range and high nonlinearity at Nd : YAG and Ti : sapphire laser wavelengths, low scattering losses (total attenuation coefficient 0.001 cm −1 ) and wave-front distortion and high (comparable with other middle IR crystals) damage level [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . That is why numerous experiments with single and multistage OPO/OPG pumped by ns and ps IR dye, Nd : YAG and other near IR solid state lasers, just like by fs Ti : sapphire and Cr : forsterite lasers, were carried out during the last decade. Significant attention is also paid to harmonic, sum and difference frequency generators and up-converters. Efficiencies as high as from 0.1 to 30% [5] and OPG generation at a wide range 1.2-10 µm under pumping by 20 ps Nd : YAG laser are demonstrated [6] . But the usual operation range of OPO pumped by nanosecond Nd : YAG laser does not cover the entire 3-5 µm range [7] [8] [9] because of surface damage of the crystal [8] . The only wide-range 3.9-11.3 µm singly resonant nonselective cavity OPO, pumped by ns Nd : YAG laser, designed is the type II OPO. To maximize the effective secondorder nonlinearity and minimize spectral bandwidth, it yields a limited energy, sub-200 µJ output pulses [5] . In addition to a lack of high-energy ns AgGaS 2 OPO operating at 3-5 µm range, from the late 1990s to date, the available phase-matched diagrams show some contradictions and are still a subject of discussions [5, 10, 11] .
Additionally, advanced development in high-efficiency frequency conversion from the visible and near IR to middle IR is occuring with the improvement of growth technologies of solid solution or the so-called mixed single crystals. Different physical properties of such crystals can be engineered by changing the mixing ratio x, i.e. the content of parent crystals, which provides the principal possibilities of realizing noncritical angular, spectral or temperature phase matching or their combinations. Nonlinear, thermal properties and damage threshold can also be engineered. Based on the technological maturity of AgGaS 2 crystals, biaxial silver thiogermanatogallate solid solution single crystals, AgGaS 2 : GeS 2 →AgGaGe x S 2(1+x) (x = 1-9) are grown that belong to some other mm2 point group symmetry. Unfortunately, only AgGaGeS 4 , x = 1 quaternary compound found in the pseudo-ternary system Ag 2 S-Ga 2 S 3 -GeS 2 is stable at room temperature [12] . The crystal becomes an alternative to AgGaS 2 (x = 0) crystals due to its wide transparency spectrum 0.44-14.0 µm [13] at high α < 0.005 cm −1 optical quality of the best crystals [14] . Other parameters are mass density 3.80 g cm −3 and melting temperature 845
• C [14] , about 1.5 times higher damage threshold to AgGaS 2 [3] , 1.3 times higher thermal conductivity [15] and over two times higher effective nonlinearity for different parametric processes (only of type I phase matching in the principal planes) [13] .
Such properties permit one to design higher efficiency frequency converters in comparison with AgGaS 2 converters. But the very limited amount of data available on phase-matched conditions are contradictory.
In this paper we report results on the study of nanosecond AgGaS 2 type I OPO with continuously tunable 2.65-5.29 µm radiation pumped by Q-switched Nd : YAG laser and the phase matching of second harmonic generation (SHG) in AgGaGe x S 2(1+x) (x = 0, 1) crystals.
Model estimations
Available data on Sellmeier equations for AgGaS 2 crystal are as follows: There are two sets of Sellmeier equations for AgGaGeS 4 crystal (table 1) [14] in the form of
, where λ is in unit of µm, which are valid for the 0.5-11.5 µm wavelength range.
Estimated diagrams of AgGaS 2 and AgGaGeS 4 refractive indices and birefringence B versus wavelength are represented in figure 1 .
It is obvious that there exists a big difference among the available Sellmeier data. The values B for AgGaS 2 are largest at the maximal transparency range in accordance with Sellmeier equations from [10] and smallest in accordance with [17] , respectively, which resulted in the obvious difference of SHG phase matching angles as shown in figure 2(a) .
The highest value of B [17] at the long wavelength end of the transparency range resulted in the longest wavelength end of the SHG phase-matched range. The diagrams shown in figure 2 (a) estimated with data [10] and [17] are in poor coincidence with the available experimental data at the spectral range close to the spectrally noncritical phase matching and long wavelength end of the phase matching range. On the other hand, it is shown in figure 2 (b) that they approximate to the OPO phase matching diagrams for all available data at the 3-5 µm tuning range pumped by 1.064 µm, which corresponds to a small difference in B in figure 2(a) . The OPO diagram [17] shows a few degrees higher phase-matched angles at degeneracy point in comparison with all other diagrams and is also out of the available experimental data. Let us also note that the type I SHG phase-matched angles at the wavelengths of Er laser and CO 2 laser are almost at degeneracy points in the type I OPO phase-matched diagrams pumped by 1.064 µm (figure 2).
this study this study Dispersion properties of AgGaGeS 4 , which are described by two sets of available Sellmeier equations approximated by the same author at different times (table 1, figure 1(b) ) with the accepted convention xyz = cab [14, 18] , are different in principle. In accordance with initial data, n y and n z values have three isopoints, including an isopoint in the middle IR range at 7.6 µm [14] . At longer wavelengths in a crystallooptical coordinate system the relation n x < n y < n z holds at n y ≈ n z but at shorter wavelengths n x < n z < n y holds. In contrast, corrected data [18] do not show any isopoint in the middle IR range. In the second case dispersion properties of n x are significantly corrected at λ > 5 µm and spectral dependence of the birefringers became much closer to known data for AgGaS 2 particularly [17] . The difference n y − n z became much smaller. But we can see ( figure 2(a) ) a close identity of SHG phase-matched AgGaGeS 4 diagrams estimated with both sets of Sellmeier equations in the XY principal plane, so as to the diagrams both in YZ and XZ principal planes (if to determine θ angle from X axes) in comparison with AgGaS 2 diagrams, and the small difference in principle is absent. It has to be noted that relation B(AgGaGeS 4 ) > B(AgGaS 2 ) is valid only for the short wavelength range λ < 1 µm for both sets of Sellmeier equations ( figure 1(a) ). The suitable Sellmeier equations for AgGaGe x S 2(1+x) , x = 0, 1 crystals could be determined by more accurate experimental results.
Experiment and analysis
In order to improve the accuracy of the experimental results, a step-motor-driven computer-controlled rotational positioner with a positioning accuracy of 9 is used for precise determination of the phase-matched angles. The step-motordriven, computer-controlled UV-FIR monochromator SBP300 (Zolix Instruments Co., Ltd, China) with three gratings is used to measure pump and output wavelengths for SHG and OPO. A HgCdTe (MCT) detector cooled by liquid nitrogen is used to detect the CO 2 laser and its second harmonic pulses and the idler light of OPO. The SHG signals are amplified by a SR240A quad fast amplifier of fast gated integrators and boxcar averages from Stanford Research Systems. A pyroelectric detector PCI-L-3 with 2-12 µm sensitivity range (Vigo System S. A., Poland) and a detector of fast Si PIN photodiode are used to monitor the pumping laser and also as reference channel in SHG and OPO experiments, respectively. The pulses are recorded by a digital two-channel storage oscilloscope TDS3052 (Tektronix Inc.).
OPO with AgGaGe
AgGaS 2 crystal, x equals zero for AgGaGe x S 2(1+x) , is used for the optical parametric oscillating process. The crystal with dimensions of 10 × 7 × 20 mm 3 , which is supplied by MolTech GMBH, Germany, is cut for type I phase matching with θ = 47
• and ϕ = 45
• . With an Avatar 360 FTIR spectrophotometer, Nicolet, USA (operating range 2.5-25 µm, spectral resolution 4 cm −1 ), it is determined that the absorption coefficient is α < 0.005 cm −1 in the range of interest 3-5 µm. In order to lower the loss caused by the cross surfaces of AGS crystal, both working surfaces are well antireflection AR coated: high transparent HT 1.06 > 98% at pump 1.06 µm wavelength, HT 1.3-1.7 > 99.5% and HT 3-5 > 95% at signal and idler wavelengths, respectively. Schematic experimental setup for singly resonant AgGaS 2 OPO pumped by Q-switched Nd : YAG laser is shown in figure 3(a) . The Q-switched flash lamp pumped Nd : YAG laser with amplifier (G > 3) is used as the OPO pump source. The pump TEM100 beam spot size is ∅1.4 mm (an aperture is inserted in the cavity of the master laser to restrain the higher-order mode oscillation). The pump energy and pulse repetition frequency (PRF) can be up to 100 mJ and 10 Hz, respectively. The pulse width in FWHM is 10-30 ns with dependence on the input energy. Output energy is regulated by attenuators and driving of supply voltage. Two flat dielectric OPO mirrors are identical and have HT 1.06 µm > 98%, HR 1.3−1.7 µm > 99-99.4% and HT 3−5 µm > 88-98%. The mirrors are positioned at about 28 mm to allow enough angular rotation of the crystal and, at the same time, keep the cavity length down to maximize the number of round trips which the signal waves would make during the pump pulse.
Pumped by the Q-switched Nd : YAG laser, a continuously tunable radiation of 2.65-5.29 µm for the idler is recorded for the AgGaS 2 type I singly resonant optical parametric oscillator (SRO OPO), which is completely covered by the main transmission window 3-5 µm of the atmosphere. Output pulse energy is at least up to 0.275 mJ at 4 µm for a long time without any saturation. Pump intensity is about two times of the pump threshold and is not increased to exclude the damage of the cavity mirror. Figure 4 shows the output energy versus the pump energy. A twice increased pump beam spot size allows us to increase output pulse energy also almost 2-3 times at the same pump intensity with good potential for further scaling. Maximum output energy, 0.56 mJ per pulse, is obtained at the output idler wavelength, 4 µm.
The developed experimental data on OPO phase-matched angles, which are represented in figure 2(b) , are in good coincidence with the data estimated by Sellmeier equations from [11] and completely follow the experimental data in [9] for the same type phase matching of the crystals used. The absolute value of the developed phase-matched angles is about 20 larger than that in [9] , which is within the accuracy of the crystals cut. The common feature of these two diagrams [11] and [16] is the tendency to shift in phase-matched angles at the degeneracy point of the diagram. Experimental setups for SHG studied are of the usual types as shown in figure 3(b) . Low-pressure, mechanical Qswitched, line-tunable up to 400 Hz PRF, 0.1-1 kW peak power CO 2 laser with longitudinal dc discharge [22] and Q-switched, 30-50 ns Er 3+ : Cr 3+ : YSGG laser [23] are used in SHG experiments. A ZnSe lens with 100 mm focal length is used to focus pump beam into the AgGaS 2 crystal installed into a temperature-controlled oven operating from room temperature up to 300
SHG with AgGaGe
• C with the accuracy of temperature being kept at ∼1
• C in SHG experiment. Fixed phase-matched angles for SHG of 9 µm band of CO 2 laser and Er 3+ : Cr 3+ : YSGG laser in AgGaS 2 are shown in diagrams of [8, 11, 16] (figure 2(a) ), which are close to each other. For example, phase-matched angles are 56.963
• , 57.515
• and 39.6
• for pump wavelengths 9.51 µm, 9.61 µm and 2.79 µm, respectively. Temperature variation of SHG phase-matched angle pm in AgGaS 2 with temperature T is pm /dT = 16.6
• C −1 at λ = 9.55 µm and could not be a reason for the difference in the phase-matched angles. In turn, developed experimental data for SHG in the XZ plane of AgGaGeS 4 crystal are well within what is shown in the different diagrams [14, 18] . Phase-matched angles are 29.7
• and 27.6
• for pump wavelengths 9.48 µm and 9.6 µm, respectively. The differences between the [8, 11, 16] and [14, 18] diagrams can be caused mainly by the crystal cut and approximation inaccuracies and by differences in crystal composition and/or physical properties due to differences in growth technologies.
Conclusion
Analysis of the available and developed data on phase matching in AgGaGe x S 2(1+x) (x = 0, 1) crystals is carried out. The best sets of available Sellmeier equations are determined. These equations have to be somewhat corrected to bring them in coincidence with the estimated and experimental phase-matched angles for OPO/OPG at degeneracy points. The continuously tunable 2.65-5.29 µm AgGaS 2 type I SRO OPO pumped by Q-switched Nd : YAG laser is designed and the wavelength tuning range completely overlaps the main transmission window 3-5 µm of the atmosphere. To our knowledge, there is no published report on more than 4.2 µm for AGS OPO with type I phase matching [9] . Again output pulse energies of up to 0.56 mJ at 4 µm are generated, which is the larger output energy for AGS OPO [5, 8, 9] .
